Background/Aims: Extracellular matrix accumulation contributes significantly to the pathogenesis of diabetic nephropathy. Although AMP-activated protein kinase (AMPK) has been found to inhibit extracellular matrix synthesis by experiments in vivo and vitro, its role in alleviating the deposition of extracellular matrix in renal interstitial fibroblasts has not been well defined. Methods: Currently, we conducted this study to investigate the effects of AMPK on high glucose-induced extracellular matrix synthesis and involved intracellular signaling pathway by using western blot in the kidney fibroblast cell line (NRK-49f). Results: Collagen IV protein levels were significantly increased by high glucose in a time-dependent manner. This was associated with a decrease in Thr72 phosphorylation of AMPK and an increase in phosphorylation of mTOR on Ser2448. High glucose-induced extracellular matrix accumulation and mTOR activation were significantly inhibited by the co-treatment of rAAV-AMPKα1
Introduction
In 2012, 5% of the total population suffered from diabetes mellitus (DM). As one of the most common complications of diabetes mellitus, diabetic nephropathy (DN) has become the leading cause of end-stage renal disease (ESRD) [1] . It is characterized by renal hypertrophy and excessive accumulation of extracellular matrix that results in interstitial fibrosis [2] . In the earlier stage of diabetic nephropathy, hyperglycemia can induce renal hypertrophy and stimulate the synthesis of the various matrix constituents which result in progressive thickening of the glomerular basement membranes (GBM) and tubular basement membranes (TBM). Most studies have focused on the increased deposition of extracellular matrix in the glomerular basement membrane and the mesangium, and their relation to disturbance in glomerular function but only a little is known about the pathogenesis and the significance of the thickened tubular basement membrane and the tubulointerstitial changes. Although many cell types are capable of generating ECM in the interstitium of kidneys, fibroblasts are commonly viewed as the principal matrix-producing cells that generate a large amount of ECM components including fibronectin, type I, type III and type IV collagens [3, 4] . Thus, fibroblast activation in diabetes is important in the pathogenesis of renal fibrosis. Collagen is a major constituent of ECM. As a predominant component of glomerular basement membrane (GBM) and mesangial matrix, collagen IV is one potential biomarker in diabetic nephropathy [5] . Morita et al. reported that patients with Type I diabetes followed for 7 years demonstrated a significant association between urinary collagen IV and a decline in eGFR [6] . Similarly, Type II diabetic patients followed for 8 years also showed an inverse relationship between collagen IV and a decline in eGFR [7] . Therefore, inhibition of collagen IV accumulation in renal fibroblasts possibly provides a therapeutic target for interstitial fibrosis and then preserves renal function.
mTOR is a serine/threonine protein kinase that constitutes of two well known complexes (mTORC1 and mTORC2) [8] . It is emerged as an important modulator of several forms of renal disease, including diabetic nephropathy, polycystic kidney disease, podocyte dysfunction, and kidney fibrosis [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . mTORC1 regulates phosphorylation of translation initiation regulators, p70S6 kinase and 4E-BP1 [21] . Additionally, mTOR-p70S6 kinase axis also has been found to control changes in phosphorylation of eukaryotic elongation factor 2 kinase (eEF2 kinase, Ser366), resulting in changes in the activity of elongation factors [22] . Therefore, mTORC1 constitutes a common regulatory factor for both initiation and elongation phases of translation. Rheb/mTORC1 signaling has been found to promote the activation of kidney fibroblasts that results in the development of interstitial fibrosis, and thus possibly providing a therapeutic target for the progressive renal disease [23] .
AMPK is a ubiquitously expressed serine/threonine protein kinase that regulates energy metabolism, proliferation, inflammation, cytokine production and apoptosis. It is a newly identified regulator of renal hypertrophy in diabetes and has been shown to be inhibited in diabetic kidney [24] . Several researches revealed AMPK/mTOR signaling pathway might play a role in the extracellular matrix synthesis in mesangial cells or glomerular epithelial cells [25] [26] [27] . However, the role of AMPK signaling in renal interstitial fibrosis has not been well defined to date. AMPK activation by AICAR has been reported to negatively regulate mesangial-myofibroblast transdifferentiation, producing profibrotic effector cells that secrete and remodel ECM in vitro [28] and to ameliorate kidney fibrosis in a rat subtotal nephrectomy [29] . Another study also found AMPK could attenuate TGF-β, angiotensin II, aldosterone, high glucose and albumin induced epithelial-mesenchymal transition (EMT), which resulted in tubulointerstitial fibrosis [30] . Thus, AMPK activation could be a potential target for intervention of renal tubulointerstitial fibrosis in diabetic nephropathy. In fact, AICAR has recently been found to reduce tubulointerstitial fibrosis in UUO mice and inhibit TGF-β induced kidney myofibroblast activation [31] .
Although plenty of studies in a variety of cell types have indicated that AMPK negatively regulates protein synthesis, including matrix proteins, studies about the effects of AMPK in high glucose-induced dysfunction of the kidney fibroblast are still lacking. Therefore, 
Materials and Methods

Recombinant adeno-associated virus (rAAV) preparation
The expression plasmids pcDNA3.1-AMPKα1 DN, encoding a dominant negative form of AMPKα1 (D157A) and pcDNA3.1-AMPKα1 CA, encoding a truncated, constitutively active form of AMPKα1 (1-312, T172D) were kindly provided by Dr. D. Carling (Imperial College School of Medicine, University of London, London, UK). An adenovirus expressing GFP was applied as a control. DNA fragments of AMPKα1 CA and DN were generated by RT-PCR using the primers CA-EcoRI-987-F (5'-GCCGAATTCATGGAGCAGAAGCTTATC-3'), CA-BglII-987-R (5'-CTGAGATCTTTAGTACAGGCAGCTGAG-3'), DN-EcoRI-1700-F (5'-GCCGAATTCATGGAGCAGAAGCTTATC-3'), and DN-BglII-1700-R (5'-CTG AGATCT TTACTGTGCAAGAATT-3'), respectively. Then, the DNA fragments were inserted into the EcoRI / BglII sites of the pSNAV vector (AGTC Gene Technology Co. Ltd., Beijing, China) to obtain the expression vectors designated pSNAV-AMPKα1-CA and pSNAV-AMPKα1-DN. rAAVs containing AMPKα1-CA and AMPKα1-DN were prepared according to the protocols. Briefly, BHK-21 cells (ATCC, CCL-10) were infected with pSNAV-AMPKα1-CA and pSNAV-AMPKα1-DN plasmids by Lipofectamine ® 2000 (Invitrogen, Carlsbad, CA, USA) and selected by G418, respectively. The G418 resistant BHK-21 clones were infected with recombinant HSV1-rc/∆UL2 helper viruses (AGTC Gene Technology Co. Ltd. Beijing, China) to produce rAAVs designated rAAV-AMPKα1-CA and rAAV-AMPKα1-DN. After purification, titers of rAAVs were measured by dot-blot hybridization using a digoxin labeling and detection kit (Boehringer Mannheim, Mannheim, Germany).
Concentration of rAAV-AMPKα1-CA is 3×10
12 (v.g.)/ml and rAAV-AMPKα1-DN is 1.14×10 12 (v.g.)/ml.
Cell culture and treatment
The kidney fibroblast cell line (NRK 49f) was from the American Type Culture Collection (Manasas, VA, USA). Cells were plated in 6-well plates in DMEM with 10% (v/v) FBS, 1% (w/v) non essential amino acid, 1% (w/v) L-glutamate and incubated in 5% (v/v) CO2 atmosphere incubator at 37°C. Before treatment, culture media was deprived of serum for 12 hours. After serum deprivation for 12 hours, cells were transfected with rAAV-AMPKα1 312 , r-AAV-AMPKα1D157A or rAAV-GFP for 24 hours. The transfected cells were then washed and cultured in fresh DMEM medium for an additional 12 hours prior to indicated treatment.
Western blot
All antibodies used in western blotting were purchased from Cell Signaling Technology (Beverly, MA, USA), except for β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and collagen IV (Boster Biological Technology, Wuhan, China).
After treatment, NRK-49f cells were harvested and lysed in an ice-cold lysis buffer (Thermo Scientific, Rockford, IL, USA) containing 50mM Tris-HCl, 150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1% SDS, with protease and phosphatase inhibitors and a further 30 minutes shaking was performed on an orbital shaker at 4°C. After centrifugation (12,000 × g for 15 min at 4°C), the supernatants were transferred to new tubes and protein concentrations were determined by the Bradford Protein Assay Kit (Beyotime Institute of Biotechnology, Jiangsu, China). For Western blot, 15-20 μg denaturated protein extract of each sample was separated on an 8% or 10% SDS-PAGE gel. After electrophoresis, proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, USA), 2 h for phosphor-ACC (Ser79), mTOR, phosphor-mTOR (Ser2448) and, 1 h for AMPK, phosphor-AMPK (Thr172), phospho-eEF2K (Ser366), phospho-p70S6k (Thr389) and β-actin, 25min for phospho-4EBP1 (Thr37/46) and collagen IV. Then membranes were blocked in 5% w/v BSA in TBS for 3 hours at room temperature, and incubated with specific primary antibodies overnight (4°C), respectively. After washing with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at room temperature. The immunoreactivity was revealed by using an ECL kit (Thermo Scientific, Rockford, IL, USA).
Results
High glucose-induced extracellular matrix synthesis in kidney fibroblasts
Kidney fibroblasts were exposed to a high glucose environment periodically in diabetic nephropathy. 30mM glucose was applied to mimic hyperglycemia of diabetes mellitus in this study. After 12h of incubation in serum-deprived medium, NRK-49f cells were cultured with high glucose for 0, 6, 12, 24, 48h. Collagen IV, a major component of the matrix, was examined by western blot. The expression of collagen IV protein in high glucose group started to increase at 6 h and the effect peaked at 24h (Fig. 1) . Results indicated that high glucose induced high levels of collagen IV expression in renal fibroblasts in a time dependent manner.
AMPK was involved in high glucose-induced extracellular matrix synthesis in NRK-49f cells
As one of the downstream targets of AMPK, acetyl-CoA carboxylase (ACC) plays a key role in regulation of mammalian fatty acid synthesis. Phosphorylation at Thr-172 of AMPKα1 and Ser79 of ACC are now almost universally considered as biomarkers to evaluate AMPK activation [32] . In the present study, we examined whether high glucose could inhibit AMPK activity in serum-deprived kidney fibroblasts (NRK-49F cells) in vitro. As illustrated in Fig.  2A , high glucose addition rapidly reduced the level of AMPK phosphorylation in a timedependent manner. The reduction in Thr172 phosphorylation of AMPK corresponded to an obvious decrease in ACC phosphorylation (Ser-79) (Fig. 2B) .
To determine whether or not the activity of AMPKα was associated with the change in matrix protein synthesis, a constitutively active truncated AMPKα1 312 (CA) or catalytically inactive mutant AMPKα1D157A (DN) by rAAV-mediated transfection was applied to activate or inhibit AMPK. AMPK phosphorylation level was increased in AMPKα1 312 over-expressing cells while overexpression of AMPKα1D157A significantly impaired AMPK activity as shown by the phosphorylation levels of AMPK and ACC (Fig. 2C) . Moreover, treatment with rAAV-AMPKα1 312 caused obvious inhibition of high glucose-induced collagen IV expression while rAAV-AMPKα1D157A upregulated that level compared with the group without treatment. Taking together, the changes of extracellular matrix synthesis were altered by the activity of AMPK in high glucose environment. Thus, high glucose inhibits AMPK phosphorylation to regulate extracellular matrix protein expression in the NRK-49f cells. 
Activation of mTOR signaling pathway induced by high glucose in NRK-49f cells
As presented above, preincubation of cells with high glucose could induce collagen IV expression and inhibit AMPK activity in a time dependent manner. Then, we investigated the changes of effectors in mTOR signaling pathways. In a time course experiment in NRK49f cells, the phosphorylation level of mTOR (Ser2448) was increased in response to high glucose in a time dependent manner, with maximal induction at 24h. Additionally, high glucose resulted in increased amount of phosphorylated p70S6 kinase, 4EBP1, and eEF2 kinase, which were key regulators of matrix protein synthesis for up to 48h (Fig. 3) . 
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AMPK negatively regulated mTOR pathway in response to high glucose
To examine whether or not inhibition of AMPK in response to high glucose might result in changes in mTOR activity and thereby alter phosphorylation of p70s6 kinase, 4EBP1 and eEF2 kinase, cells were transfected with recombinant adeno-associated virus vectors encoding AMPKα1 312 or AMPKα1D157A. Protein immunoblot analysis was conducted using antibodies specific for phosphorylated mTOR (Ser2448), p70S6k (Thr389), 4E-BP1 (Thr37/46) and eEF2k (Ser366). As shown in Fig. 4 , constitutively activated AMPK attenuated drastically the amount of phosphorylated mTOR, p70s6 kinase, 4EBP1 and eEF2 kinase compared with that of only high glucose exposure and this variation was reversed by rAAV-AMPKα1D157A treatment.
AMPK attenuated high glucose-induced matrix synthesis through mTOR signaling
Previous studies demonstrated that AMPK suppressed protein synthesis through down-regulated mTOR signaling in skeletal muscles [21] . In consideration of the confirmed inhibitory effects of AMPK on high glucose-induced ECM synthesis and mTOR signaling in this study, we therefore question whether AMPK suppresses high glucose-induced ECM synthesis via mTOR cascades. We examined the effect of rapamycin, an inhibitor of mTOR, on mTOR activity. As expected, rapamycin inhibited mTOR activity in a dose-dependent manner and rapamycin at 10 nM most significantly reduced the activity of mTOR (data not shown). Based on the results from the dose-dependent experiments, rapamycin was used at 10nM in the following experiments. To examine how AMPK activation attenuated high glucoseinduced ECM synthesis through mTOR signaling pathway, we first checked expression level of mTOR phosphorylation in response to dominant negative mutant of AMPK (AMPK-DN) or/and rapamycin, respectively. As shown in Fig. 5A , rapamycin obviously inhibited mTOR activity and inhibition of AMPK by rAAV-AMPK-DN increased the phosphorylation of mTOR, which was clearly abrogated by co-treatment of rapamycin. Next, we examined the expression of collagen IV after the indicated treatment. Similarly, rapamycin significantly alleviated the effect of r-AAV-AMPKα1D157A on collagen IV synthesis (Fig. 5B) , indicating that AMPK could inhibit matrix synthesis though mTOR signaling. 
Discussion
Extracellular matrix accumulation (ECM) is an important factor in the progression of renal disease. When exposed to high glucose, mesangial cells expressed a high level of extracellular matrix proteins, leading to the progression of renal disease and eventually glomerulosclerosis in human and animals with diabetes [33] . In the current study, we demonstrated AMPK could obviously inhibit high glucose-induced collagen IV synthesis in rat kidney interstitial fibroblasts. Moreover, AMPK inhibited the activation of mTOR and p70S6 kinase, restoring the changes in initiation and elongation phases of mRNA translation induced by high glucose. After that, we explored the underlying mechanism and demonstrated that AMPK blocked high glucose-induced ECM synthesis through downregulating mTOR signaling. Taken together, it is implied that AMPK can potentially alleviate the renal dysfunction related with ECM accumulation in NRK-49f cells.
AMPK is composed of the catalytic subunit (α), scaffolding subunit (β) and regulatory subunit (γ) [34, 35] . It is abundantly expressed in the kidney where it is involved in a variety of pathophysiological processes, including acute renal ischemia, renal cystogenesis, diabetic or gentamycin-induced nephropathy [24, [36] [37] [38] . It serves as a part of the AMPK-TSC signaling pathway and inhibits Rheb/mTORC1 and protein synthesis [39] . Our results showed that high glucose could inhibit AMPK activation with a significant decrease of phosphorylated ACC time dependently in NRK-49f cells. Accompanied by the decreased AMPK activity, high glucose also resulted in a significant increase of collagen IV synthesis. Moreover, constitutively activated AMPK effectively ameliorated collagen IV expression which was increased by inhibition of AMPK by rAAV-AMPK-DN. Such results suggest that ECM accumulation induced by high glucose is related to the inhibition of AMPK activity.
Most of the beneficial actions of AMPK are accounted for by the inhibition of the mammalian target of rapamycin (mTOR). Inhibition of LKB1/AMPK signaling pathway and subsequent activation of mTOR/p70S6k signaling have been proposed to promote hypertrophic growth [40] . mTOR plays an important role in stimulating protein translation and phosphorylates 4E-BP1 and p70S6 kinase, the translation initiation regulators [21] . In addition to initiation phase, mTOR-p70S6 kinase axis controls some steps in the elongation phase of translation such as phosphorylation of eEF2 kinase [22] . Here, we examined the effect of high glucose on the mTOR signaling activation and found that high glucose significantly increased the phosphorylation of mTOR, p70s6 kinase, 4EBP1 and eEF2 kinase in NRK-49f cells. mTOR signaling activation was repressed in AMPK-CA-overexpressed cells while that was increased by AMPK-DN treatment. Together the changes in 4E-BP1, p70s6 kinase and eEF2 kinase phosphorylation suggest that translation-promoting mTOR pathway is negatively regulated by AMPK.
The question of whether the decreased AMPK activity induced by high glucose mediates its effect on mTOR/p70S6K signaling and consequently, matrix protein synthesis is unresolved. As shown in Fig. 5 , our results revealed that overexpression of AMPK-DN could upregulate the activity of mTOR and increase the expression of collagen IV. However, rapamycin suppressed the effects of AMPK-DN on mTOR activation and matrix synthesis, confirming that the inhibitory effects of AMPK on high glucose-induced ECM accumulation are mediated by mTOR signaling.
In conclusion, AMPK regulated ECM accumulation by inhibiting mTOR signaling pathway, consequently alleviated the progression of renal fibrosis. Further testing is warranted to determine the anti-fibrotic effect of AMPK in vivo.
